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Evaluation of Pixel-Scale Tunable Fabry-Perot filters for Optical Imaging
by
Daniel L. Edwards

Abstract
The Fabry-Perot interferometer (FPI) is a well-developed and widely used tool to control and
measure wavelengths of light. In optical imaging applications, there is often a need for systems
with compact, integrated, and widely tunable spectral filtering capabilities. We evaluate the
performance of a novel tunable MEMS (Micro-Electro-Mechanical System) Fabry-Perot (FP)
filter device intended to be monolithically integrated over each pixel of a focal plane array. This
array of individually tunable FPIs have been designed to operate across the visible light spectrum from 400-750 nm. This design can give rise to a new line of compact spectrometers with
fewer moving parts and the ability to perform customizable filtering schemes at the hardware
level. The original design was modeled, simulated, and fabricated but not tested and evaluated. We perform optical testing on the fabricated devices to measure the spectral resolution
and wavelength tunability of these FP etalons. We collect the transmission spectrum through
the FP etalons to evaluate their quality, finesse, and free spectral range. We then attempt to
thermally actuate the expansion mechanisms in the FP cavity to validate tunability across the
visible spectrum. The simulated design materials set was modified to create a more practical
device for fabrication in a standard CMOS/MEMS foundry. Unfortunately, metal thin film
stress and step coverage issues resulted in device heater failures, preventing actuation. This
FP filter array design proves to be a viable manufacturing design for an imaging focal plane
with individually tunable pixels. However, it will require more optimization and extensive
electrical, optical, thermal, and mechanical testing when integrated with a detector array.
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Chapter 1

Introduction
1.1

Background

Since the invention of the Fabry-Perot interferometer over 120 years ago by Charles Fabry and
Alfred Perot, its design has played a vital role in many high-accuracy, high-precision applications in areas such as communications, lasers, and optics.[7] Due to its relative simplicity, the
FPI became a logical candidate for countless integrated and miniaturized systems. This work
will focus on the application of the FPI as a spectral filter to be utilized in an imaging system.
This thesis outlines the evaluation of the tunable single-pixel Fabry-Perot optical filter
design created at the Rochester Institute of Technology by Rivas et al.[8] Here we test the
simulated optical performance of this filter design and determine its viability for use in compact
imaging and non-imaging spectrometer applications. Currently, there are an immense amount
of applications for optical spectrometers from food and water safety to astronomy to medical
imaging. All of which would greatly benefit from a more compact form factor device. The
proposed filter design is a tunable 20 x 20 µm planar FPI with a thermally actuated optical
cavity enabling operation across the entire visible spectrum of light from 400 nm to 750 nm.
This range of wavelengths has many uses for identifying unique material spectral properties
from pathogenic bacteria to earth minerals. An apparent application for this tunable filter
array design would be hyperspectral imaging devices.
The spectral data collection of many narrow bandwidth wavelengths is commonly referred
to as hyperspectral imaging or imaging spectroscopy. Hyperspectral imaging systems store
the data from each pixel of the detector array in a data cube, consisting of two spatial dimensions and one spectral dimension. Due to this ability to collect large amounts of data
for accurate characterization of materials, hyperspectral imaging is an attractive measurement technique to many scientific and industrial communities.[10] However, this magnitude
of data collection is often excessive and costly in bandwidth and computational power, which
increases the post-processing requirements and time delay to output operable information. An
array of the proposed individually tunable filters could dramatically reduce the quantity of
unnecessary data by collecting only desired spectral bands on specific pixels as commanded.
This ability to individually tune pixels also creates the potential for reconfigurable Bayer-type
spectral filtering schemes at the detector level, and the capability to capture a snapshot of
a hyperspectral data cube. Therefore, a hyperspectral imaging device utilizing the proposed
filter array design would be capable of simultaneously collecting both spatial and spectral
1
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information. This would allow the capture of multiple target spectra without the need for
several detectors or the spatial registration issues that are inherent to other spectral imaging
designs.[8] Additional motivation for this work is the reduction in post-processing over larger
format FPI configurations. In a traditional single FPI setup incident upon a detector array,
there are many wavelengths present on the detector beside the intended center wavelength due
to off-axis light beams transmitting through the FPI with longer optical path lengths. This
creates a need for spectral data reduction processing to extract the desired spectral information. This in turn produces a requirement to capture many images of the same scene at every
tunable wavelength in order to compile a complete image of only the desired wavelength, and
the resulting image must then be calibrated to account for the pixel-to-pixel variations and
scene illumination changes between exposures. These are the time-consuming post-processing
difficulties associated with large format FPIs such as the Taurus imaging spectrometer.[11]
The proposed pixel-scale FPI design streamlines this process by enabling the ability to gather
the spectral information from the intended wavelength and all other tunable wavelengths by
tuning each pixel at a different wavelength. Therefore, we could capture all the spectral measurements as discussed for large format FPIs in fewer exposures; substantially reducing the
post-processing time and the complexity of calibration and scene corrections.

There are several different imaging spectrometer architectures such as spatial scanning,
spectral scanning, and snapshot imaging. Spatial scanning devices are commonly found in
airborne and spaceborne remote sensing platforms, such as pushbroom designs like the Landsat 8 Operational Land Imager (OLI).[12] Pushbroom spectrometers utilize a slit aperture
and a detector line array to sample a scene that is moving orthogonal to the slit to gather
the spatial dimension.[13] The resulting image swaths require significant post-processing for
total scene reconstruction. These systems tend to use several different detectors and dispersive
components to sample many contiguous regions of the desired spectrum. This typically makes
them large and intricate, which limits their application. Spectral scanning devices use twodimensional detector arrays to gather the spatial dimensions and adjustable spectral filters
to scan through the wavelength dimension of the spectral data cube. Spectral scanning designs include cameras with filter wheels, liquid-crystal tunable filters, and tunable Fabry-Perot
etalons.[13] The tuning response time is the limiting factor for these types of spectrometers.
Snapshot spectrometers are devices that collect the entire data cube in a single frame. Our
proposed pixel-scale filter design, when implemented on a detector array, can be considered a
hybrid of spectral scanning and snapshot spectrometer architectures.

Presently, no developed devices exist that provide individual pixel tunability across the
visible light spectrum at the physical scale of this design. The scale of the proposed design
would not be possible if not for the drastic improvements in MEMS fabrication capabilities
over the past 30 years. These improvements have enabled us to fabricate a 20 µm square FPI
filter with a 200 nm optical cavity length. While this filter design is only in the testing stage
and has not yet been fabricated over a photodetector array, simulation results have yielded
spectral selectivity of 16 nm, a free spectral range spanning the entire visible light spectrum,
and a tuning frequency response of 100 Hz.[8]
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1.2.1

Applications
Spectroscopy

Spectroscopy is a powerful measurement technique, and the FPI has played a prominent role
in improving measurement accuracy and precision in many fields of study. It was this need for
greater measurement accuracy in the scientific community that has been the primary driver of
FPI technologies through the years. In general, spectroscopy is used to identify materials by
characterizing the interaction between the target material and the electromagnetic spectrum.
This interaction can be measured by the reflection, absorption, or transmission through the
material at various wavelengths. The resulting information is referred to as the spectral
signature of the material as shown in Figure 1.1. A high spectral resolution measurement
increases the accuracy of differentiating target material from background material. For this
reason, the FPI has become a key component to high accuracy spectral measurement devices.

Figure 1.1: Sample spectral signatures of green vegetation, soil, and water. The plot depicts
the percentage of spectral reflectance of the respective materials as the wavelength of light
varies from the visible to the near-infrared to the mid-wave infrared regions of the spectrum.
[1]
To date, there have been vast numbers of FPI devices created for many applications including measuring radio frequency waves, temperature, acoustics, light, water content, and
gravitational waves.[7] However, we will limit the scope of the discussion to FPI-based devices
for the visible and infrared spectroscopy.
Several tunable MEMS FPI spectral imaging devices were created by VTT Technical Research Centre of Finland from 2010-2016. VTT has built ultraviolet (300-330 nm), visible
to near-infrared (500-900 nm) and shortwave infrared (1100-1600 nm) hyperspectral imagers
with spectral resolutions of 0.5-2.0 nm, 7-20 nm, and 10-25 nm, respectively.[14] Filter tuning
is achieved by piezoelectric actuation on all devices. The Fabry-Perot filters range from 1-2
mm in diameter and cover the entire detector array as shown in Figure 1.2. VTT’s novel
instruments are a prime example of how compact spectrometers can drive down both size and
cost to promote wider adoption of spectroscopic imaging technology in new domains.[14]
The majority of microspectrometers developed in the past 15 years have been designed
for the shortwave infrared (SWIR) spectrum. This was partially due to limitations in MEMS
fabrication at the time, and infrared devices have longer optical cavity distances and larger
3
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Figure 1.2: Cross-section diagram of the VTT tunable Fabry-Perot spectral imaging device.
As illustrated in the diagram, the Fabry-Perot filter stage covers the entire detector array
allowing imaging of one narrowband of light at a time.[2]
pixel sizes than that of their visible spectrum counterparts. The tunable FPI designs from
the University of Western Australia were some of the first successfully developed single-pixel
widely-tunable compact infrared spectrometers. For their early SWIR filter, they fabricated
a 90 µm square filter aperture with a spectral tuning range of 1.5-2.6 µm as shown in Figure 1.3a. Tuning response time was 40 µs with a spectral resolution of 55 nm.[3] Infrared
spectroscopy is an important area of study as many natural and man-made substances have
distinct signatures in this spectrum, and in the longwave infrared (LWIR) region, thermal signatures are detectable. The University of Western Australia also developed a LWIR tunable
Fabry-Perot filter for adaptive multispectral thermal imaging in 2016.[4] As shown in Figure
1.3b, the physical structure is reminiscent of the earlier SWIR design.

(b)

(a)

Figure 1.3: a) Diagram of SWIR Fabry-Perot filter design from University of Western
Australia.[3] b) Diagram of LWIR Fabry-Perot filter design, also from University of Western Australia.[4]
While spectroscopy is a very general field, we can see that the utilization of tunable FPI
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filter designs have a significant and widespread potential for improving performance, versatility,
and portability of these historically bulky and expensive systems.

1.2.2

Food & Water Safety

Studies have shown that many harmful bacteria cultures found in food and water sources
can be reliably detected in the visible and near-infrared wavelength ranges. Food-borne bacteria, such as Escherichia coli (E. coli) and Salmonella, pose a significant public health risk
and prevention has been recently prioritized by the Food and Drug Administration due to
multiple E. coli outbreaks.[15] The food supply industry is constantly updating their methods for safety and quality detection, and many spectroscopic methods have been successfully employed. It has been discovered that hyperspectral imaging can be utilized for nondestructive prediction of water content, tenderness, and fat content in meats, in addition to
detection of contaminants.[16, 17, 18, 19] For fruits and vegetables, hyperspectral imaging
has been used to detect decay, bruising, insect damage, bacterial contamination, and internal
infections.[20, 21, 22] The limiting factor for these preventative techniques are mainly the size
and cost of most hyperspectral imaging systems. Food and water safety applications could
significantly benefit from tunable compact spectrometer devices in the visible and infrared
spectra. These would provide the versatility needed to easily retrofit current food processing
equipment with spectral scanning instruments in key locations of farms, factories, and food
service establishments.

1.2.3

Medical Imaging

In recent years, breakthroughs in compact spectrometry have made spectral imaging instruments more accessible to the medical field. This has opened up new avenues for the use of
imaging spectroscopy. Spectral imaging in the ultraviolet, visible, and infrared bands have
found many uses in healthcare from disease diagnosis to surgical guidance.[23] Some examples
are detection of many types of cancers, dental caries, cardiovascular pathology, and retinal
diseases. Ophthalmology in particular has benefited from spectroscopic devices by enabling
snapshot retinal imaging, oxygen saturation mapping, and improved macular degeneration
studies.[5]
The non-invasive and non-ionizing nature of hyperspectral imaging makes it a prime candidate for medical imaging. Another reason for its success in the medical field is the adaptability
of spectral imaging systems to other conventional techniques, such as microscopy and endoscopes. This demonstrates the need for more compact and portable spectral imaging systems
for applications beyond the reach of traditional medical instrumentation.

1.2.4

Security & Defense

The military and defense industry has always been the primary driver for spectroscopic imaging systems. The military has utilized this technology in many different applications such as
land mine detection, sensing through camouflage, and anomaly detection in the battlespace.[24]
These hyperspectral imaging systems have also been deployed in a host of land, water, air, and
space environments. Security sector applications of spectral imaging are mostly body scanning and anomaly detection of hazardous materials.[24] The use of widely-tunable compact
5
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Figure 1.4: (a) A hyperspectral snapshot image of a human retina used for mapping oxygen
saturation of blood vessels for detection of age-related macular degeneration. (b) Standard
RGB image of the same retina under examination.[5]
spectroscopic imaging devices is clearly applicable in almost any military or security application since driving cost down and enabling flexible adaptation across multiple platforms in
the primary concern for government programs. In fact, the proposed FPI design in this thesis
received early funding at Rochester Institute of Technology as part of an adaptive multi-modal
sensor imaging system for the U.S. Air Force Office of Scientific Research in 2010.[25, 8] The
proposed tunable Fabry-Perot filters were designed to provide the spectral targeting for the
imaging system.

1.2.5

Remote Sensing & Astronomy

Since remote sensing was essentially born from the advent of imaging spectrometry, it has
been one of the largest users of spectral imaging instruments since the 1970’s. There has
been a rise in both academic and industrial interest in this field due to recent environmental
concerns. Remote sensing is the detection and identification of materials from a distance with
no physical contact. Therefore, this field plays a vital role in geologic, environmental, and
agricultural studies.[26] Remote sensing platforms can be land, air, or space borne, such as
AVIRIS or Landsat.[26] This creates the requirement for portable and versatile instrument
designs.
Astronomers have been looking to the sky for hundreds of years with any instruments
available that could assist in gathering more information about the universe that lies beyond
Earth. This yearning for celestial knowledge inherently drove astronomers toward using imaging spectroscopy as another tool to gather information. There have been many spectroscopic
devices attached to telescope optics to image the heavens, but there is one of particular interest, Taurus. Taurus was a tunable Fabry-Perot imaging spectrometer built in England in the
early 1980’s. Taurus was designed for tunable monochromatic use in the 480 - 690 nm spectral
region and was intended for mapping velocity fields of astronomical emission-line sources.[11]
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Figure 1.5: Diagram of the Taurus wide-field Fabry-Perot imaging spectrometer
However, the instrument was bulky and intricate which limited its use to large observatory
telescopes. A more compact design could extend these types of spectral imaging capabilities
to amateur astronomers.

1.3

Current Tunable Fabry-Perot Filter Technology

In this section, we will provide a comparison of the different technological approaches for
designing single-pixel MEMS Fabry-Perot filters. It includes monolithically surface micromachined filters with free standing upper mirror structures made by sacrificial layer etching
as well as bulk micro-machined filters constructed of bonded wafers. These are the two main
design approaches used to classify different implementations of MEMS Fabry-Perot filters.
Both approaches have certain advantages and drawbacks.[6] Table 1 compares bulk and surface
micro-machined Fabry-Perot filter design features.

1.3.1

Bulk Micro-machined Fabry-Perot Filters

Bulk micro-machined Fabry-Perot filters are usually constructed of two or more wafers, which
are structured by means of etching and deposition of actuation electrodes and optical layers.
Finally, these are bonded together to form the Fabry-Perot cavity as illustrated in Figure
1.5. Both mirror films are supported by thick and mechanically stiff substrates. This helps
to prevent warping due to layer stress and ensures flatness during actuation. The back sides
of the substrates must be anti-reflection coated to avoid unwanted resonances. An advantage
of this design approach is the ability to separate the actuation electrodes from the reflectors
(i.e. different spacings), which gives flexibility to the mechanical tuning design for the desired
spectral tuning range. A drawback to such a design is the mass of the movable reflector
structure is relatively large, thus making the filter sensitive to external acceleration forces and
vibration. While design and fabrication are more complex, bulk micro-machined filters have
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the potential for better performance in regard to tuning range, resolution, and larger aperture
sizes.[6]

Figure 1.6: Diagram of the general layout of a bulk micro-machined Fabry-Perot filter.[6]

1.3.2

Surface Micro-machined Fabry-Perot Filters

Surface micro-machined MEMS Fabry-Perot filters are usually monolithically fabricated from
one wafer. A stack of layers is deposited on one side to form actuation electrodes, a cavity
spacer, and the reflectors as illustrated in Figure 1.6. The spacer acts as a sacrificial layer,
which is etched to release the top reflector as a free standing mirror structure. This is the
design approach used in our proposed single-pixel MEMS Fabry-Perot filter design. However,
the main divergence in our proposed design from the general surface micro-machining approach
is the tuning actuation method, which is thermal rather than electrostatic.

Figure 1.7: Diagram of the general layout of a surface micro-machined Fabry-Perot filter.[6]
Our proposed Fabry-Perot filter design is of this type of micro-machined filter approach.
In surface micro-machined designs, it is difficult to create perfectly matched and highly re8
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flective mirrors, which decreases the optical efficiency of the FPI structure. A drawback is that
the spacing between electrodes and reflectors is identical, unlike the bulk micro-machined approach, which limits the tuning range due to the pull-in phenomenon common in electrostatic
tuning operations. Free standing mirror structures must be properly tensioned and symmetrically layered to avoid warping. This imposes strict constraints on the choice of materials and
the optical design. Regardless, mirror structures tend to bow under actuation forces due to
their inherent lack of rigidity. As a result the finesse decreases during tuning and the usable
aperture is limited. Unlike the bulk micro-machined approach, the mass of the free standing
mirror structure is relatively small, and therefore, acceleration effects are less significant. This
in turn gives room for a design with smaller actuation electrodes with lower actuation voltages and most importantly, a smaller overall chip size. Compared to bulk micro-machining
approach, the technology is much simpler and cost effective, which makes it best suited for
mass production.[6]

Figure 1.8: Comparison of the design features of bulk and surface micro-machined Fabry-Perot
filter technology approaches.[6]

1.3.3

Survey of Patents

Over the years, there are have been several patents filed for spectroscopic imaging devices
utilizing Fabry-Perot interferometers in a similar fashion to our proposed filter array design.
Here we will provide an overview of the designs in each of these patents.
1.3.3.1

US7417746B2: Fabry-Perot Tunable Filter Systems and Methods, August 26, 2008

This patent held by the Xerox Corporation describes a tunable spectral filtering system to
be positioned over photodetectors to create a spectral camera. The filter elements are to be
Fabry-Perot interferometers with any type of micro-electro-mechanical tuning actuation that
changes the cavity gap length. The design specifies a 300 to 500 nm tunable gap length with
the mirror surfaces being composed of either multi-layer distributed Bragg reflectors composed
of silicon and silicon nitride or highly reflective metallic layers. The patent also states that the
9
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spectral range of the filters can be anywhere from the ultraviolet to infrared. The language
in this patent is rather general when it comes to its application. It only mentions possible
application examples, such as non-invasive diagnosis, human identification from color images,
computer vision for robotics, and remote sensing. The filtering device design does specify that
the two-dimensional array of Fabry-Perot filters are to be fabricated on a separate substrate
from the photodetector array. Although this patent describes a filtering system that is almost
identical in approach to our proposed design, the last statement clearly differentiates thus
patent from our proposed design.
1.3.3.2

US20060221346A1: Two-Dimensional Spectral Cameras and Methods for
Capturing Spectral Information Using Two-Dimensional Spectral Cameras, October 5, 2006

This is another patent from the Xerox Corporation, and it describes the design of a twodimensional spectral camera imaging array. This patent builds off of a prior patent, US6295130B1,[27] which was the design for a fiber-fed tunable Fabry-Perot filter integrated atop a
photodetector used for color sensing for xerographic color printing applications. This newer
patent describes the implementation of multiple fiber-fed tunable Fabry-Perot filters with
integrated silicon photodetectors distributed in a two-dimensional matrix fashion. This design
uses the same electrostatic tuning and reflector layer scheme as the patent above. The intended
use of this design is similar to our proposed design, but the main differences are the actuation
method and the use of optical fibers for illumination.
1.3.3.3

US5550373A: Fabry-Perot Micro Filter-Detector, August 27, 1996

This patent held by Honeywell Inc., describes a monolithically constructed infrared tunable
Fabry-Perot filter atop a detector for spectroscopic imaging of substances with absorption lines
in the 2-12 µm wavelength range.[] This patent has a very broad description of potential design
layouts. The incident light to be detected is meant to pass through a window wafer, which
potentially contains microlenses or spatial filters, before entering the Fabry-Perot cavity. The
detectors can be setup as either microbolometers or CCD arrays depending on the spectral
region of interest. The cavity is tunable by means of a piezoelectric thin film. Although this
patent is for an infrared spectral imaging system, it shares a surface micro-machined design
approach akin to our proposed optical filter design.

1.4

Summary

Since the invention of the Fabry-Perot interferometer, we have seen vast numbers of variations
for many different applications because of its high precision measurement capabilities. As seen
in this chapter, there is an ever growing need for high resolution imaging spectroscopy, and
equally important is the need for these devices to become more compact and cost effective.
Presently, we are seeing tunable micro-machined Fabry-Perot filter based spectral imaging systems provide the means to make this a reality. Current Fabry-Perot imaging devices discussed
in this chapter are opening up new capabilities in a number of different fields of study and
making this technology available to new potential applications. Despite the number of FabryPerot spectrometers on the market, there is plenty of room for improvement and innovation
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as devices scale down and applications increase.
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Chapter 2

Theory
2.1
2.1.1

Fabry-Perot Interferometer Basics
Multiple-Beam Interferometry

The Fabry-Perot interferometer belongs to the class of interferometers known as multiple-beam
interferometers since a substantial number of beams are involved in the interference due to the
multiply reflected beams between its two mirror plates.[7, 28] The resulting transmitted beams
are wavelengths of light that constructively interfere within the FPI cavity of a correlated
width as illustrated in Figure 2.1. The advantage of multiple-beam interferometers over twobeam interferometers is that the transmission peaks are much sharper which improves overall
measuring accuracy and resolution.[28]
This behavior is characterized by the Airy function, which is a function of the phase
difference φ between successive beams of light. This phase difference is expressed as
φ=

4πnd cos θ
.
λ

(2.1.1)

The complex amplitude of the transmitted beam is the sum of the complex amplitudes of
all the transmitted components from Figure 2.1. These transmitted beams form geometrical
progressions with the factor r1− r2+ eiφ [7],
+
− + −iφ
AT (φ) = t+
+ (r1− r2+ )2 e−i2φ + ...],
1 t2 [1 + r1 r2 e

(2.1.2)

and for an infinite number of beams, this can be simplified to
AT (φ) =

t2
,
1 − r2 e−iφ

(2.1.3)

where
+
− +
2
t2 = t+
1 t2 and r = r1 r2 .

(2.1.4)

The terms r and t are are the coefficients of reflection and transmission amplitudes of the
surfaces, respectively.[7] The transmitted intensity is calculated by taking the square modulus
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Figure 2.1: Illustration of incident light i repeatedly reflected between two plane parallel
surfaces demonstrating the multiple-beam light interference described by Airy in 1831[7]. The
reflected set of beams are represented by a, b, c, d,... and the transmitted beams are represented
by α, β, γ,... The terms d1 and µ are the distance between the parallel surfaces and the
refractive index inside the cavity, respectively. Each reflected or transmitted beam is comprised
of complementary reflection and transmission amplitude components. Note that the beam
direction dictates its notation, beams moving from the left to right have a positive notation,
while beams moving from the right to left are labelled as negative.

of the complex amplitude, which yields
IT (φ) = |AT (φ)|2
=

(2.1.5)

T2
(1 − 2R cos φ + R2 )

where
T = t2 and R = r2 .

(2.1.6)

The terms T and R are the surface intensity transmission and
 reflection coefficients, respecφ
2
tively. Using the trigonometric identity cos φ = 1 − 2 sin 2 , Eq.(2.1.5) becomes
T2
i
IT (φ) = h
(1 − R)2 + 4R sin2 ( φ2 )


2
T
1

.
h
i
=
2
φ
4R
(1 − R)
2
1+
sin ( )
(1−R)2

(2.1.7)

2

We will now introduce the term, coefficient of finesse F , which is entirely dependent upon the
reflectivity coefficient of the mirror surfaces.[29] This relationship will be further discussed in
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the next section. We can then substitute F into Eq. (2.1.7) such that
4R
,
(1 − R)2

F =
and therefore

IT (φ) =

T
(1 − R)

2

(2.1.8)

!

1
1 + F sin2 ( φ2 )

.

(2.1.9)

This demonstrates that the transmitted light intensity through two parallel reflective surfaces
is directly characterized by the Airy function A(φ), which is defined as
A(φ) =

1
1 + F sin2 ( φ2 )

,

(2.1.10)

and the peak transmittance of the interferometer is defined by the term,[29]

Tpeak =

T
(1 − R)

2
.

(2.1.11)

This allows Eq. (2.1.9) to be rewritten as
IT (φ) = Tpeak A(φ).

(2.1.12)

In practice, absorption will also affect the amount of transmitted light through a FPI, especially
when employing metallic thin films as the reflective mirror surfaces. The total amount of light
being reflected, transmitted, and absorbed can be expressed as R + T + A = 1. By using this
relationship, we can show that the transmitted light intensity function in Eq. (2.1.9) has an
alternate form to include absorption,
!

2
A
1
IT (φ) = 1 −
.
(2.1.13)
(1 − R)
1 + F sin2 ( φ )
2

However, we will assume there is no absorption in the parallel surface materials for the sake
of simplifying calculations. Therefore, the total amount of light incident on the FPI can be
expressed as R + T = 1. We see in Eq. (2.1.12) that the peak transmission of an ideal FPI
with no absorption is governed by the Airy function. We can expand the terms of Eq. (2.1.12)
to its principle components to better understand its key dependencies. It can be rewritten as
!

2
T
1
.
(2.1.14)
IT (θ) =
4R
2 2πnd cos θ )
(1 − R)
1 + [ (1−R)
2 ]sin (
λ
We can see from Eq. (2.1.14) that the FPI transmission is dependent upon the mirror reflectivity R, wavelength of incident light λ, the refractive index of the cavity medium n, the
mirror separation distance d, and the incident angle of light entering the cavity θ. However,
this expression reveals that the transmission can be controlled by varying the values of n, d, λ,
and θ. It also shows that in the event where d = 0 (no gap between mirrors), the transmission
of the FPI will reach its peak value, Tpeak due to the sin2 ( 2πndλcos θ ) term going to zero.
15

Chapter 2. Theory
Now that we have shown the relationship between transmission and the terms n, d, λ, and
θ, it should be of no surprise that these terms compose the general condition for constructive
interference,
mλ
nd cos θ =
,
(2.1.15)
2
where m is the integer order of interference. This provides a simple relationship for transmission maxima location; maxima occur when the product of n ∗ d ∗ cos θ is an integer multiple of
λ
2 .[8] This transmission maxima can be demonstrated for the FPI by substituting Eq. (2.1.15)
into Eq. (2.1.14) as such,
!

2
T
1
IT (θ) =
.
(2.1.16)
4R
2
(1 − R)
1 + [ (1−R)
2 ]sin (mπ)
When the value of m is an integer in order to satisfy the constructive interference condition, it
causes the sin2 ( 2πndλcos θ ) in Eq. (2.1.16) to go to zero and the transmitted intensity to equal:

IT (θ) =

T
(1 − R)

2
⇒ Tpeak .

(2.1.17)

This clearly shows that the FPI transmission peaks are of a periodic nature due to the sin2 ( φ2 )
term in the denominator of the Airy function.

2.1.2

Design Parameters

There are several important design variables to be considered for the FPI. The mirror separation distance d primarily dictates the operational spectral range. The mirror surface characteristics such as reflectivity, flatness, tilt, and roughness are the most important factors to
creating a high quality interferometer. The mirror quality directly affects the spectral resolution, finesse, and free spectral range (FSR). Mirror defects are often the limiting factor to the
finesse and FSR, which are the main performance measures for FPIs. The finesse and FSR
correspond to the sharpness and the distance between transmission peaks, respectively. These
will be further discussed in the following sections. In Figure 2.2, the relationship between the
mirror spacing d and the transmission peak location (center wavelength), the FSR, and the
FWHM of the transmission peaks is illustrated and how the mirror spacing affects the output
of the FPI.
2.1.2.1

Finesse

The finesse (F ) is a measure of the sharpness of the transmission peaks of a FPI. It increases
as a direct result of increasing the reflectivity of the mirrors. This makes finesse a simple way
to express a FPI’s ability to resolve spectral features. It may also be conveniently expressed
as the ratio of the FSR to the full width at half-maximum (FWHM) of the transmission peak
F SR
as such: F = F W
HM . For the ideal case, finesse is defined as
√
π R
,
F =
(1 − R)
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(b)

(a)

Figure 2.2: a) Diagram of a FPI cavity.[6] As the distance between the mirror plates d changes,
different wavelengths of incident light (I0 ) at varying orders of interference are allowed to
transmit through the cavity (It ). b) This general FPI transmission (T ) vs. wavelength (λ) plot
demonstrates the effects of changing the mirror plate distance d and how the free spectral range
(FSR) and full width at half-maximum (FWHM) of the transmission peaks are represented.
Note when d decreases, the center wavelength (CWL) of the transmission peak shifts to the
left (shorter wavelength), while the opposite occurs when d increases.

and it is exclusively dependent upon the reflectivity of the mirror surfaces within the cavity.
For this reason, it is sometimes referred to as the ’reflective finesse’. In practice, the FPI’s
finesse would be predominantly affected by mirror plate imperfections that decrease reflectivity.
For the Fabry-Perot filter under evaluation, we assume both mirrors have equal reflectivity
values. Figure 2.3 displays the effects on transmission of various values of reflective finesse.
There are several types of finesse measurements for FPIs in addition to reflective finesse
such as, figure finesse, pinhole finesse, and diffractive finesse. When calculating the total
finesse, these component finesses can be combined as if they were parallel impedances. The
figure finesse Ff is the effect on the sharpness of the transmission peak due to the flatness of
λ
the mirror plates. This is defined by Ff = M
2 for M mirror plates, where M is the fractional
wavelength deviation from flatness across the mirror aperture. M can also represent the
measure of the non-parallelism of the mirror plates. Since we do not have the capability to
measure the flatness of our mirror plates due to their size, we will be neglecting this component
of finesse for theoretical analysis. The finesse changes due to misalignments of pinhole, or any
limiting apertures in the interferometer design are called the pinhole finesse Fp . This is defined
as
4λL2
,
(2.1.19)
Fp =
(Dp )2 d
where d is the mirror separation distance, L is the focal length of the lens focused on the
pinhole, or limiting aperture, Dp is the pinhole diameter, and λ is the wavelength of light
incident on the FPI. If a pinhole is not utilized, Dp becomes the diameter of the limiting
aperture, D. Since we do not utilize a pinhole aperture in our proposed design or experimental
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Figure 2.3: The 550 nm center wavelength transmission peak plotted with reflectance coefficients of 50%, 75%, 90%, and 95%. Since the finesse is exclusively dependent on the reflectance,
we observe a broadening of the transmission peak as the reflectance decreases.
test setup, our proposed FPI width will be the limiting aperture used to calculate this finesse
value. The diffractive finesse Fd describes the FPI finesse changes due to the limiting aperture
of the instrumentation employed for the FPI. This is defined as
Fd =

2nd

D


D1
2f1

,

(2.1.20)

where D is the diameter of the limiting aperture, n is the refractive index of the FPI cavity
medium, D1 is the diameter of the focusing lens, and f1 is the focal length of the lens. As
mentioned before, the reflective finesse is considered the most significant influence on total
finesse. However, we will perform some sample calculations to verify the significance of each
of these three finesse values in our FPI design. We will used the values from our FPI design
to evaluate the reflective, pinhole, and diffractive finesse equations. The mirror reflectivity, R,
will be 0.9, the limiting aperture diameter, D, will be 20 µm, the mirror separation distance,
d, will be 200 nm, the refractive index of air, n, is approximately 1, the wavelength of light, λ,
will be 400 nm, and the focal length, L, of the microscope objective used to focus light onto
the FPI will be 20 mm. Since only numerical aperture is given for the microscope objective,
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the focal length was calculated by means of the the numerical aperture (NA) and f-number
(f/#) relationship: f /# = 2(N1 A) . We begin by calculating the reflective finesse, F , with
mirror reflectivity of 90%:
√
π 0.9
F =
⇒ 29.8 .
(2.1.21)
(1 − 0.9)
Next we calculate the pinhole finesse with the given values for our design:
Fp =

4(400nm)(20mm)2
⇒ 8, 000, 000.
(20µm)2 (200nm)

(2.1.22)

We do the same for the diffractive finesse equation:
Fd =

20µm

 ⇒ 125.
16mm
2(200nm) 2(20mm)

(2.1.23)

Finally, we can add these component finesse values together as parallel impedances, as such:
1
Ftotal

=

1
1
1
1
1
1
+
⇒
+
+
⇒ Ftotal = 24.1.
+
F
Fp Fd
29.8 8000000 125

(2.1.24)

The higher the calculated finesse value, the less significance it has on the total system. Therefore, we can see from these calculations that the reflective finesse is the dominant finesse
component, followed by the diffractive finesse. The diffractive finesse demonstrates how a fast
lens (low f-number) can degrade the overall finesse due to the sharp angle of incidence of the
focused light beam. In our case, the overall finesse was reduced from 29.8 to 24.1. This equates
to a transmission peak broadening effect of approximately 3 nm.

2.1.2.2

Free Spectral Range

The transmission peaks created by a FPI represent the different interference orders; the spectral distance separating these peaks is referred to as the FSR. Since the transmission of the
FPI is periodic and repetitive, the FSR can be described as the range of wavelengths that can
be displayed within the same interference order without overlapping into neighboring orders.
The FSR of the FPI is defined as
F SR =

λ2
,
2nd cos θ

(2.1.25)

where λ is the wavelength of the incident light from a monochromatic source, n is the refractive
index of the cavity medium, d is the mirror separation distance, and θ is the angle of incidence
of light entering the cavity. We can see from this relationship that as we increase the value of
d, the FSR will decrease. The same statement holds true for the refractive index n, however,
it is impossible to vary this parameter enough to cause a significant change in FSR. The
FWHM is most commonly measured experimentally, but it can also be calculated by means
of the previously mentioned FSR to finesse ratio or from Eq. (2.1.9). Where Tpeak = 1 and
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IT (φ) = 0.5 to yield the half height value of the maximum transmission peak as shown here,
0.5 =

1
1 + F sin2 ( φ2 )

.

(2.1.26)

The FWHM of the FPI transmission peaks is also considered the minimum resolvable
bandwidth (∆λBW ) of the FPI when it is illuminated by a monochromatic light source. This
yields the narrowest achievable transmission peak and can be defined as the adjusted finesse
SR
and FSR ratio from the previous section: ∆λBW = FF
. The spectral resolution R at any
corresponding wavelength (λ) is be easily defined using the minimum resolvable bandwidth as
R = ∆λλBW .

2.1.3

Performance Limiting Factors

Due to the inverse relationships between most of the design parameters, there are several
trade-offs that must be evaluated for the device’s unique usage. For wide tuning ranges, such
as for the proposed design, a low interference order must be selected, which equates to a mirror
spacing distance d of several hundred nanometers for use in the visible spectrum. Utilizing
higher orders will increase the spectral resolution by reducing the FWHM of the transmission
peaks, but this trades resolution for a smaller FSR and tuning range.[6]
Mirror defects provide another source of performance issues, particularly affecting the
FWHM and finesse of the FPI. Random small scale surface defects on the mirrors will produce
a slightly broadened FWHM of the transmission peaks. Non-parallelism in the optical cavity,
or a tilted mirror, will manifest itself as a rounded or semi-circle shaped transmission peak as
opposed to the expected Gaussian form. The flatness of the mirrors themselves will also cause
transmission problems, this will propagate as a flattened transmission peak.[7] The mirror
flatness and tilt have significant effect on transmission, and these happen to be the most likely
defects to arise in our design. We expect some mirror curvature near the edges due to the four
point mounting structure of the upper mirror plate, especially during tuning actuation. If all
four mounts do not actuate in unison, some tilt of the upper mirror will be experienced.

2.2

Thin Film Analysis

This section will provide a brief overview of thin film analysis since the highly reflective thin
film plate mirrors are of considerable importance to the development of the FPI. The partially
transmissive metallic mirrors of our proposed design are of such a small scale that they may
be analyzed as thin films.

2.2.1

Basic Theory

Thin films are used for a variety of different applications such as high reflectivity surfaces,
anti-reflective surfaces, and a wide range of bandpass filtering. Thin films may be composed
of metals or dielectric materials and implemented in any number of stacked layers. The
fundamental properties of thin film performance are based on Fresnel’s laws. The first basic
property is that the amplitude reflectance (r) of light at any boundary between two different
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media is represented by
r=

1−
1+

n1
n2
n1
n2

,

(2.2.27)

where n1 is the refractive index of the initial medium and n2 is that of the penetrated medium.
The second property is that a 180◦ phase shift occurs when the reflectance takes place in a
medium of lower refractive index than that of the bordering medium, and there is no phase shift
for the opposite condition. The third basic property is that if light is split into two components
by reflection at the top and bottom surfaces of a thin film, the beams will destructively interfere
if the relative phase shift between them is 180◦ , or the amplitudes will sum if the phase shift is
either zero or a multiple of 360◦ .[28] This third property essentially describes the function of a
Fabry-Perot cavity. In fact, multilayer thin films of alternating high and low refractive indices
are commonly used to create solid Fabry-Perot cavities, or etalons. In practice, these thin film
stacks act as several Fabry-Perot etalons in series and are very effective at creating extremely
narrow bandwidth filters for optical coating applications. Thin films utilized for anti-reflection
coatings operate by completely cancelling the light reflected at their top and bottom surfaces.
For complete cancellation of these two beams of light, the intensities of the light reflected at
the two boundaries should be equal, which implies that the ratios of refractive indices at each
media boundary should also be equal. This can be expressed by
√
n0
n1
=
⇒ n1 = n0 n2 ,
n1
n2

(2.2.28)

where n0 is the refractive index of air, n1 is the index of the thin film, and n2 is that of
the adjoining substrate.[28] This shows that the index of refraction of the thin film should be
an intermediate value in between the indices of air and of the substrate. Since part of the
incident light will be reflected at both the top and bottom boundaries of the thin film and in
both cases they will originate in mediums of lower refractive indices which produces a 180◦
phase shift. In order to ensure that the relative phase difference between the two beams is
180◦ , the optical thickness of the film layer should be made one quarter wavelength of the
incident light. Therefore, a simple anti-reflection coating would consist of a single thin film of
one quarter wavelength thickness and a refractive index equal to the square root of that of the
substrate. More complicated multilayer anti-reflective coatings are employed to cover a wider
range of wavelengths. It is important to have an understanding of the fundamental physics
of thin films and how they play a significant role in the overall performance of Fabry-Perot
interferometers.
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Chapter 3

Fabricated Device Design &
Evaluation
3.1
3.1.1

Fabricated Design
Specifications

The tunable microelectromechanical Fabry-Perot etalon designed and simulated by Rivas et
al.[8] was proposed as an array of individually tunable MEMS Fabry-Perot interferometers to
be implemented on each pixel of a silicon photodetector array. Here we evaluate the optical properties of the standalone Fabry-Perot filters in order to verify the original simulation
results and determine any necessary design changes before implementing onto a detector array. The original design received early funding as part of a US Air Force sponsored research
project, performed at Rochester Institute of Technology, investigating adaptive multimodal
sensors.[25] The Fabry-Perot device under evaluation was modeled and simulated with COMSOL multiphysics software. The design and materials used were chosen and simulated for
optical, thermal, mechanical, and electrical properties within realistic operating parameters.
The repeatability of motion, speed of tuning, and thermal cross-talk between pixels were also
simulated to verify individual tunability of pixels.[8]
This novel Fabry-Perot filter was designed to be tunable across the 400-750 nm visible
spectrum and to have a spectral selectivity of approximately 16 nm. The method of tuning
was chosen to be joule heating and differential expansion which vertically adjusts the distance
of the cavity’s upper mirror. In the proposed configuration, it was assumed that all incident
light is normal to the surface of the filter, or collimated, to simplify design analysis. The mirror
separation distance ranges from 200-375 nm, which was chosen to be half-wavelength of the
intended spectrum to eliminate all but the first order of interference. This was intended to
enable the exclusive use of the first order interference without the complication of additional
series filtering to remove unwanted higher orders. Ultimately, the narrow FWHM achievable
with higher order operation was traded for a large FSR that would cover the entire visible
spectrum.[8] The physical dimensions of this FPI filter are 20µm x 20µm, which makes it
comparable in size to individual pixels in current production photodetector arrays. The upper
mirror of the optical cavity is entirely supported by four 10µm x 2µm polyimide leg structures
200 nm above the lower mirror as shown in Figure 3.1(a). Tungsten heating elements are
located under each of the four legs and are used for thermal actuation of the filter. When
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(a)

(b)

Figure 3.1: a) Diagram of initial Fabry-Perot filter design with silver mirrors, Si3 N4 upper
mirror support, polyimide leg structures, and tungsten heaters[8]. b) Enlarged-scale crosssection diagram of modified filter design (before mirror releasing etch) with aluminum mirrors,
SiO2 upper mirror support, SU-8 leg structures, and aluminum heaters.
electric current is applied to the tungsten heaters, the polyimide legs heat and expand causing
them to push against each other and the upper mirror. If the mirror structure is rigid enough, it
will not bow and the mirror will move vertically to increase the mirror separation distance.[30]
The upper mirror is composed of an 800 nm thick layer of Si3 N4 deposited on top of a 20 nm
layer of silver, while the lower mirror is another 20 nm layer of silver to be deposited directly
over a photodetector.
The fabrication process of these FPI filters was devised by Dr. Alan Raisanen of Rochester
Institute of Technology. For the initial fabrication run, the FPI filters were patterned on
a Schott Borofloat® wafer in order to verify the mechanical and optical performance before
implementing over a photodetector array. As the process flow was planned, it became apparent
that some materials were incompatible with the photolithographic fabrication process to be
utilized. The initial design used a 20 nm layer of silver as each mirror surface in the optical
cavity to achieve 90% reflectivity. However, due to difficulties in processing silver, a 50 nm
layer of aluminum was substituted to achieve the same reflectivity. The tungsten heaters were
replaced with thin aluminum heaters, since tungsten is incompatible with the the dry etchant,
xenon difluoride (XeF2 ). The XeF2 is used to etch away the sacrificial silicon layer and release
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the upper mirror structure to create the optical cavity in the final stage of the fabrication
process. The original design also used polyimide for the leg structures, but it had to be replaced
with an SU-8 epoxy material for better chemical resistance and minimal contraction upon cure.
Since polyimide contracts up to 50% when cured, it can cause undesired surface tension on
the upper mirror support structure. SU-8 photoresist was a viable alternative since it has a
coefficient of thermal expansion of 52 ppm as compared to the 55 ppm of polyimide. The final
modification was to replace the Si3 N4 upper mirror carrier plate with SiO2 . Although less
rigid than the equivalent thickness of Si3 N4 , the plasma-enhanced chemical vapor deposition
(PECVD) SiO2 film used in this work has a lower residual film stress and higher resistance to
the XeF2 release etch than the PECVD Si3 N4 film, ensuring that the movable upper mirror
plate will remain flat and undamaged after release. An electron micrograph of a fabricated
device can be seen in Figure 3.2.
The overall device fabrication process flow consists of the following steps:
1. Deposit and pattern a 50 nm layer of aluminum for the lower mirror plate and the
redesigned aluminum heater elements.
2. Deposit and pattern a 500 nm layer of amorphous silicon as the sacrificial spacer layer.
3. Deposit and pattern the upper mirror plate with a 50 nm layer of aluminum, same as
the lower mirror.
4. Deposit and pattern a 1000 nm layer of silicon dioxide (SiO2 ) as the upper mirror carrier
plate.
5. Deposit and pattern the SU-8 epoxy for the polymer leg structures.
6. Release the upper mirror plate by immersion in XeF2 etchant gas.

Figure 3.2: Electron micrograph of fabricated Fabry-Perot device. The electrical leads at the
top and bottom bring current to the heaters beneath the leg structures. The upper mirror
plate is 20 µm across[25].
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3.1.2

Theoretical Performance

We now examine the theoretical performance of our modified design FPI device. Using the
Fabry-Perot equations from the theory section, we will mathematically evaluate the expected
finesse, free spectral range, spectral resolution, and transmission of the proposed design.
We will first evaluate the finesse of the Fabry-Perot filter and its effect on transmission
with different mirror reflectivity values. Since the reflective finesse is exclusively dependent
upon the mirror reflectivity, it becomes the most significant factor in the FWHM or spectral
resolution of the FPI. As discussed in the previous section, the original design used a 20 nm
layer of silver for both mirrors, but the silver had to be substituted for 50nm thick aluminum
mirrors. In Figure 3.3, we show the percent reflectance of both metal layers to show that
aluminum is a viable substitution for silver at these film thicknesses. Given the reflectance

Figure 3.3: Reflectivity curves of 20 nm of bare silver (blue line) and 50 nm of bare aluminum
(red line) across the 400-750 nm wavelength range. Note the higher and more constant reflectance values of 50 nm of aluminum across the visible spectrum. The reflectance values of
the two metals were taken from the Handbook of Optics, 2nd Edition.[31]
values from a 50 nm thick layer of bare aluminum, we can determine the effect of the resulting
reflective finesse and display the expected transmission peaks. The FPI transmission correlated
to the aluminum reflectivity across the spectrum is shown in Figure 3.4.
From Figure 3.4, the calculated finesse for the reflectivity values of a 50 nm thick film of
aluminum across the visible spectrum ranges from 39.5 at λ = 400 to 22.4 at λ = 750 nm.
While the calculated FWHM of the transmission peaks ranged from 20.33 nm at λ = 400 nm
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Figure 3.4: Transmission peaks for corresponding aluminum reflectivity values (Figure 3.3)
and mirror separation distances, d, increasing in 25 nm steps from 200-375 nm. Note the
transmission peaks broaden as the wavelength increases, which demonstrates that the finesse
decreases as the reflectivity decreases as depicted in Figure 3.3. In addition, the FSR is
partially displayed in this plot. The 750 nm peak (black line) has a FSR of 375 nm, and the
second order peak can be seen forming just outside the operating spectrum at 375 nm.

to 58.24 nm at λ = 750 nm.
There are several layers of different materials that compose these Fabry-Perot filters (Figure
3.1(b)), and according to thin film analysis, each contributes its own reflective and absorptive
component as light transmits through its respective layer. We will take these properties into
consideration to estimate the total transmittance through our proposed filter design. As briefly
discussed in the thin film analysis section of Chapter 2, the amplitude reflectance of light at
any boundary of two different media is defined by Fresnel reflection. The calculation of these
reflectance and absorptance values can be utilized in the relationship, R + T + A = 1, to solve
for the transmittance values of the filter. Note, all of these values are wavelength-dependent
due to the refractive index of each material. For brevity, we will consider the normal incidence
case, where the reflection component at the first boundary is defined by
R=

n2 − n1
n2 + n1

2

.

(3.1.1)

This expression can be employed at every reflective material boundary to calculate the re27
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maining transmitted light through all layers of the filter. In conjunction with the reflective
components, the absorptive component of each layer must be accounted for by use of Beer’s
law,
x
T = e − La ,
(3.1.2)
where T is the light transmission, x is the thickness of the material layer, and La is the absorption length of the respective material. The absorption length, La , is the distance into a
material where the light beam intensity drops 1e of its incident intensity (i.e. Io ' 0.63). Using
Beer’s Law, we end up with the resulting wavelength-dependent light transmission component
exiting an absorptive material. These calculations compound into complex expressions as the
number of layers increases due to the individual layers creating interference between each layer
which cannot be accounted for in a simple fashion. Since there are a total of six layer boundaries in our fabricated filter design, we utilized an industry-standard performance modeling
software to more accurately calculate the transmission through the multiple thin films that
compose our filter. The modeling software we utilized is from Filmetrics, a KLA Corporation,
and it performs the thin film interference calculations by means of the complex-matrix form of
the Fresnel equations.[32] The calculated reflectance and absorptance data from the modeling
software can then be input into Eq. 2.1.13 to more accurately estimate the expected percentage of transmitted light intensity through our Fabry-Perot filters. The resulting transmission
plot can be seen in Figure 3.5. We can see that the transmission is greatly reduced, relative
to the previous ideal calculations, as a result of the reflective and absorptive properties of the
component thin films. Transmission peak amplitutde of less than 25%, as in Figure 3.5, is on
par with surveyed MEMS Fabry-Perot devices utilizing metal film mirrors, which commonly
achieve transmission amplitudes of 10-20%.[33, 34]
Since a focused light beam was used as the source incident upon the Fabry-Perot filters
under test, we want to investigate the effects on transmission caused by the various angles
of incidence, θ, introduced by a focused beam. As discussed in the previous section, the
microscope objective utilized in our optics train has a numerical aperture of 0.40, which
equates to a maximum beam angle of 23.58◦ incident on the surface of the Fabry-Perot filter.
However, the beams within the focused light cone that are not normal to the surface of the FPI
will not be on resonance with the Fabry-Perot cavity due to their longer optical path length
than that of the normal incidence light beams. This will result in a decrease in maximum
transmitted light intensity because only part of the total beams will be resonant in the cavity.
This decreased sensitivity of a Fabry-Perot filter caused by a focused beam light source have
been described as angle dependent path length dispersion in research by Marques et al.[35]
Angle dependent path length dispersion accounts for the reduction in transmission due to only
a portion of the focused beam’s spectrum being in resonance in the FPI cavity since the plane
wave components inside the FPI have different directions of propagation.[35] In Marques’ work,
the amplitude transmission from an incident focused light source may be up to 40% less than
that of a collimated beam light source.
In summary, we can expect significant reductions in the transmission and finesse of the
experimental transmission measurements of the proposed Fabry-Perot filter. The transmission
peaks may be see up to a 40% reduction relative to the collimated source simulation results
due to angle dependent path length dispersion. This would result in a peak filter transmission
of 12.7% at 400 nm when accounting for the 40% transmission reduction. Transmission levels
in this range are in agreement with surveyed MEMS devices[33] and the simulated results from
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Figure 3.5: Transmission plots using reflectance and absorptance data calculated with Filmetrics thin film interference modeling software[32] at mirror separation distances, d, from
200-375 nm. Note the amplitude of the transmission peaks are significantly reduced by the
effects of reflection and absorption in the thin films. We can also see the amplitude change
as a result of the wavelength-dependent reflectance and absorptance of the filter’s component
layers.
Rivas.[8] This In addition, the finesse of the transmission peaks may be lower than calculated
if the aluminum mirror reflectivity is less than the theoretical values. The aluminum mirror
surfaces may potentially be degraded due to the fabrication or etching processes. Another
source of decreased finesse may be the parallelism and flatness of the mirror plates, which is
entirely dependent upon the symmetrical surface tension on the top mirror plate from the leg
structures. Despite the expected performance reductions, the transmission peaks should still be
in a Fabry-Perot characteristic form and have an amplitude detectable with our measurement
equipment.

3.1.3

Simulation Results

The Fabry-Perot filter was simulated with COMSOL multiphysics software in the work done
by Rivas[8] in order to determine the expected transmission through all cavity material layers. The simulation was performed for an optical cavity length varying from 200-350 nm,
which translates to a spectral range of 400-700 nm. As displayed in Figure 3.5, the resulting
FWHM of the transmission peaks varied from 16-27 nm, and the finesse varied from 22 to 13,
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respectively.[8] The FSR was demonstrated to be over 350 nm, which extends across the entire
visible spectrum. These simulated FWHM and finesse results differ slightly from our theoretical calculations, but this is to be expected since COMSOL is a much more accurate method of
calculation. The thermal properties of this device under operation were also simulated using
COMSOL and showed an acceptable amount of thermal cross-talk that would allow individual
mirror actuation in a densely packaged array.[8] Simulations of uneven heating gave promising
results as well, the tilt induced by the uneven heating of the leg structures did not cause the
FSR to change or allow extra modes to resonate in the cavity. However, the transmission
peak did shift by 18 nm and passed non-selected wavelengths between 450-570 nm at higher
levels than for the ideal parallel mirror case. All non-selected wavelengths were at lower levels
than the FWHM of the intended wavelength, and the FWHM of the intended transmission
peak did not broaden.[8] The mechanical tuning operation of the filter was then simulated in
the COMSOL software. The device showed reliable tuning actuation at a steady-state 100
Hz response frequency with a 40% duty cycle.[8] With the simulation results being within
acceptable working parameters, a prototype filter was fabricated to start testing of the design
before integrating with a detector array.

Figure 3.6: Transmission peaks simulated with COMSOL from Rivas.[8] Note the amplitude
and the FWHM of the peaks increases with wavelength due to the changes in the refractive
indices of the materials composing the Fabry-Perot filter. The observed increase in finesse with
wavelength is caused by the reflectivity of the silver mirror surfaces used in the simulations
(Figure 3.3). The substitution of aluminum for the mirrors provides a more subdued change
in finesse across the spectrum. Also, the term gap refers to the mirror separation distance.

3.2

Laboratory Test Configuration

Since the Fabry-Perot filters have such small physical dimensions, we required a test configuration that could provide a beam of light comparable in diameter to the dimensions of the
filter. We utilized an optics train that could produce a beam spot size of approximately 3
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µm which was developed for an imaging system characterization research project at Rochester
Institute of Technology.[36] To measure the spectral transmission of the FPIs, our test setup
used a monochromator and broadband laser driven light source to create a tunable-wavelength
monochromatic light source. The spot scanning optics train utilizes a Mitutoyo Plan Apo NIR
infinity corrected microscope objective to achieve the small spot size. This objective has an
operating wavelength range of 480-1800 nm, a numerical aperture of 0.40 (f/1.25), a working
distance of 20 mm, and a 20x magnification. The monochromator used was an Acton Research
SpectraPro-500 with a 500 mm focal length and f/6.5. It is a Czerny-Turner configuration
with an operating range of 185 nm to the far-infrared and a 1200 g/mm diffraction grating.
Its further specifications are a spectral resolution of 0.05 nm at 435.8 nm, accuracy of ±0.2
nm, and repeatability of ±0.05 nm. The exiting monochromatic light is then gathered by
a reflective collimator which couples the light into a 400 µm diameter core fiber optic cable. The light then passes through another reflective collimator which is connected to the
Mitutoyo microscope objective. This computer-controlled spot scanning setup afforded us a
focused collimated beam with a FWHM of approximately 3 µm and positioning accuracy of
0.1 ± 0.02 µm[37], which allows for multiple transmission measurements across the surface
of the filter. The light source used was an Energetiq EQ-99XFC LDLS (Laser-Driven Light
Source). This light source was chosen for its high intensity and relatively constant spectral
power output across the visible wavelength range as shown in Figure 3.7. After the focused

Figure 3.7: Spectral power curve provided by the manufacturer, Energetiq. The plot shows a
relatively constant power output at each wavelength across the 400-700 nm range. According
to the curve, the spectral power in the 400-700 nm range varies from approximately 80 µW to
50 µW, respectively.
beam passes through the Fabry-Perot filter, the transmitted light is focused down by an Ealing
10x magnification microscope ocular lens onto a CCD detector. The transmission measurements were collected by an Allied Vision Prosilica GC-1380H 8-bit 1.4 Megapixel uncooled
silicon charge-coupled device (CCD) camera that operates across the 400-1000 nm spectrum.
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The CCD camera has 6.45 µm2 pixels and an overall detector area of 8.77 mm x 6.6 mm. The
quantum efficiency (QE) curve of the Sony ICX285 monochromatic CCD detector used in the
Prosilica GC-1380H is shown in Figure 3.8. This manufacturer-provided QE curve gives us a
method to convert the Analog-to-Digital Units (ADUs) output from the camera’s Analog-toDigital Converter (ADC) back into photons incident on the detector. The components of this
laboratory test setup were integrated together and automated by means of custom Python
control code as illustrated in Figure 3.9.

Figure 3.8: The quantum efficiency curve depicts the sensitivity of the CCD detector in the
400-1000 nm wavelength range. Note, the monochromatic (grey) curve is the only data relevant
to the CCD camera used in our laboratory test setup.
The primary goal of this laboratory setup was to enable accurate spectral scanning of the
Fabry-Perot filters in order to verify the mirror separation distance from the spectral location
of their transmission peak. Another important aspect of our spot scanning test setup was
the spatial scanning ability. Since the beam spot size from our optics train is much smaller
than the filter dimensions, we want to investigate the flatness and tilt of the upper mirror
plate by taking measurements at multiple locations across the filter surface. Theoretically, we
should see shifted and broadened transmission peaks at different locations if the upper mirror
plate is tilted or bowed in any direction. Once we reliably determined the filter’s mirror
separation by means of spectral scanning at room temperature, we could apply heat to the
filter structures by means of a resistive heating element to test the thermal tuning actuation
of the filters. According to the simulations[30], the filter structures should expand to their
midpoint of displacement when the mirror support structures are approximately 100-125◦ C.
Unfortunately the aluminum heater elements, being very thin (< 1000 Å) in order to produce
usefully high resistance values, failed electrically due to poor thin film step coverage over the
Fabry-Perot element topography in previous tests. No current could be passed through the
integral device heaters, so thermal testing must rely on an external heat source. Once these
test results have been recorded and verified, we will have the appropriate data to use for
necessary design modifications for the next iteration of fabricated FPI devices.
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Figure 3.9: Diagram of test bench setup for optical performance measurement of the FPI filter.

3.3

Experimental Data Acquisition

In order to effectively measure the transmission of the fabricated Fabry-Perot filters, we established a data acquisition procedure for our automated test equipment. First, bias frames
and dark current measurements were recorded with the CCD detector in order to correct
for fixed-pattern noise and hot pixels on the detector. After background characterization was
completed, we performed spectral scans from 400 to 700 nm with only the light source incident
upon the detector to characterize the light source and optics train spectral responses. Note
that we performed all optical measurements over the 400-700 nm range to maintain parity
with the simulation conditions in Rivas’ work; there is no significant loss of data in removing
the last 50 nm of the spectrum. We then repeat the spectral scanning procedure with the bare
substrate of the filter to obtain the response of the substrate. This enables us the ability to
ratio the substrate and the filter measurements, which provides just the filter response. The
automated spectral scanning procedure is carried out by a Python script that included the following: command the monochromator to output 400 nm light, command the CCD to capture
five images at an optimized exposure time, then command the monochromator to increment
one nanometer, and repeat same actions until the monochromator reaches 700 nm. The exposure times were optimized according to the CCD response across the visible spectrum. This
optimization was performed by determining the exposure time for a range of wavelengths that
yielded 110-120 ADUs as the lowest mean ADU count and 200-210 ADUs as the highest mean
ADU count. The purpose for these values were to ensure that the lowest average ADU count
was approximately two times the average dark frame ADU count and that the highest average
ADU count does not exceed 80% saturation of the 8-bit CCD. The optimized exposures times
across the spectrum were set as the following: 8 seconds for 400-460 nm, 4 seconds for 461-470
nm, 2 seconds for 471-490 nm, 1 second for 491-525 nm, 0.5 seconds for 526-600 nm, and 0.3
seconds for 601-700 nm.
Once the transmission measurements across the entire spectrum were recorded, some routine image processing was necessary to make the data operational. First, the median of the
bias frames captured prior to every data collection was found for each pixel to create a master
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bias frame for image subtraction. Dark frames were captured with the shutter closed and at
the same optimized exposure times as for the image recording. Each of the data images are
bias and dark frame subtracted before any other processing. Then the pixel-wise median of
the five images captured at each wavelength was calculated to create a master median image
for each wavelength of the spectrum. Five images were taken at each wavelength to provide a
sufficient amount of data for statistical analysis. We chose to take the median of our images
as opposed to the mean since the median is less affected by outliers, such as hot or dead
pixels. Once the median images are processed, they can be placed in a ratio with other sets of
image data to divide out any unwanted signals; we are primarily concerned with dividing the
substrate, optics train, and light source data out of the filter data. The recorded images are
expressed in ADUs per pixel, we elected to express the final output transmission signal in the
common unit of photons per pixel per second. To convert the image form ADUs to photons per
pixel per second, we calculated the CCD camera’s gain from the manufacturer’s specifications,
multiplied it by our image ADU values to convert to photoelectrons, then sequentially divided
the image values by the QE for each wavelength, the number of pixels, and the exposure time.
After all image processing is completed, we can visualize our transmission data by plotting
and fitting a line to the curve as necessary.
To verify that this automated test setup was working properly and capable of detecting
narrow bandwidth signals, we performed spectral scans on two different narrow bandwidth interference filters. These filters are essentially a stack of Fabry-Perot cavities made of dielectric
reflector layers; this made them optimal candidates for our testing needs. In addition, these
filter tests should provide us with an understanding of any expected decrease in finesse due to
the incident angles of the focused light beam. The first filter’s center wavelength was 470.2
nm with a FWHM of 7.1 nm, and the second filter’s center wavelength was 690 nm with a
FWHM of 10 nm as shown in Figure 3.10. These filters were chosen as control tests for our
experimental setup since they could prove that our system has at least two times the required
spectral resolution to detect the expected 16-20 nm FWHM Fabry-Perot transmission peaks.
The UV and NIR regions of the spectrum were chosen as test locations since the Sony ICX285
CCD detector is least sensitive in these regions (Figure 3.8).
As displayed in Figure 3.10, our spectral measurement setup can detect transmission peaks
with half the FWHM values than that of the simulated FWHM values of our Fabry-Perot
filters. However, one concern is that our setup has relatively low transmitted light intensity
in the UV range caused by the optics train’s low transmission in the 400-480 nm range. The
transmission of the 470 nm CWL filter is passing 50% of the light at its peak, while the 690
nm CWL filter is transmitting 60% at its peak. This illustrates the limitations of our optics
operating wavelength range and is why we must integrate for a substantially longer time in
the 400-500 nm range to detect a signal.
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Figure 3.10: Transmission curve of an Ealing 35-3433 interference filter with center wavelength
of 470.2 ±2 nm and a FWHM of 7.1 ±2 nm, and an Ealing 35-4092 interference filter with
center wavelength of 690 ±2 nm and a FWHM of 10 ±2 nm. The measured FWHM of the
35-3433 filter was 13 nm and 12 nm for the 35-4092. The 35-3433 filter demonstrates some
inconsistencies with the FWHM and the expected rejection of out of band wavelengths, such
as the elevated transmission levels at 400 nm. This may be due to the low transmission of the
optics train in the 400-480 nm wavelength range, which would explain the low transmission
amplitude in comparison with the 35-4092 filter at 690 nm.
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Chapter 4

Results & Discussion
4.1

Measurement Results

After performing the planned optical measurements over a large sample of filters, it was
discovered that the first batch of Fabry-Perot filter devices were not functioning as expected
after etching. The transmission curves of the devices did not exhibit any Fabry-Perot filter
effects or significant transmission peaks that differentiated it from the substrate, other than
an attenuating effect as shown in Figure 4.2. All tested filters demonstrated similar behavior,
which led us to further examine the etched filter wafers for potential causes.
The etching process for releasing the upper mirror structure was quickly identified as the most
probable cause; especially, since a hazy white residue on all surfaces of the wafers was observed
after etching. We observed a sample of filters with an electron microscope and discovered the
white residue was much thicker and more invasive than initially perceived. In Figure 4.1(a),
the side view of one filter structure can be seen completely covered by a 3 µm thick layer
of residue, which was measured using the SEM. This contamination appears to inhibit any
motion of the filter leg structures and any viewing angle to verify that the filters were properly
released. After examining the condition of the filters and comparing them to the electron
micrograph of the initial batch of released filters in 2012 (Figure 3.2), it was clear that the
etching process was the primary issue. Next, we performed an X-ray elemental analysis on
the wafer surface and discovered that the residue mainly consisted of fluorocarbon, which is
the primary component of the XeF2 etchant gas. The likely cause for the build up of this
fluorocarbon layer was a failing vacuum pump in the XeF2 etching machine. We discovered,
after the etching run was complete, that the vacuum pump for the etching chamber was
having difficulty achieving stable vacuum during the XeF2 purge cycle. This was rectified by
rebuilding the vacuum pump and recalibrating the etching machine. The white residue on
the wafer surface was also composed of aluminum which was used to pattern the contact pads
and leg structure heaters. We investigated the cause of this as well since XeF2 has a high
etching selectivity to silicon and does not etch aluminum quickly. For the first etching run, we
performed two rounds of etching cycles using the following recipe: 100 cycles at 90 seconds per
cycle. We performed two rounds because after the first, the silicon sacrificial layer appeared
to still be present when inspected under an optical microscope. In order to thoroughly inspect
the etched wafer, we had to pump down the etching vacuum chamber to remove it then replace
it afterward. This is the event we believe caused the aluminum to be etched by the XeF2 .
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(a)

(b)

Figure 4.1: a) Electron micrograph of the 60 degree off-nadir side view of one Fabry-Perot
filter from the first etching run at 16000x magnification. The image shows the substantial
contamination coverage across every surface of the filter and substrate. Note, the red (2373)
and yellow (2374) circles in the image are the areas used for elemental analysis. b) The
contamination film spectra for the circled sample areas from image (a). The spectra plotted
with the black line corresponds to the red (2373) circle, while the spectra plotted with the red
line corresponds to the yellow (2374) circle in image (b). Note, both samples on this wafer
indicate that the film is composed of fluorocarbon, which is a component of the etchant gas
used to release the Fabry-Perot filters.
When XeF2 is introduced to water vapor, as present in the air when the chamber was opened,
it reacts and produces hydrofluoric acid (HF) which aggressively etches aluminum. Due to this
occurrence, we did not run two subsequent etching cycles or open the chamber for inspection
in any of the future etching runs.
The second etching run was attempted after the vacuum pump for the XeF2 etching machine was repaired. Since we observed no upper mirror release on any filter after the prior etch,
we assumed the faulty vacuum pump was the main problem. So we elected to perform the
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(a)

(b)

Figure 4.2: a) Transmission curves for the bare substrate and the Fabry-Perot filter devices
from the first etching run. The mean values of the filter and substrate transmission are plotted
with error bars representing the standard deviation at each wavelength. The filter transmission
values with error bars that are outside of the substrate error bars can be confidently attributed
to the effects of the filter. The transmission indicates only attenuation; no filtering effects are
observed. b) The ratio of the filter to substrate responses is meant to remove the substrate
response, leaving only the filter response. Transmission values are in photons/pixel/second for
a 100 x 100 pixel area on the center of the CCD detector array for the an exposure time of
5.8 seconds from 400-500 nm and 2.2 seconds from 501-700 nm.

maximum duration etch on the second run, 120 seconds per cycle for 100 cycles. This recipe
was chosen because the filters seemed to be having difficulty etching, which was most likely
due to a layer of native oxide growth over the past seven years since fabrication. Beginning
with this etching run, we included an additional test wafer in the chamber specifically intended
for post-etch SEM inspection. This filter wafer exited the etching machine with a white haze
over all surfaces similar to the previous run, although not as opaque. After inspection with the
SEM, we found that a layer of fluorocarbon, not as thick as the previous wafer, was deposited
on all surfaces of the test wafer in a similar fashion as the prior wafer. One filter on the entire
test wafer appeared to have a partial upper mirror release as shown in Figure 4.3 along with
the elemental analysis of the surface of the filter and the substrate.
We inspected the etched wafer with an optical microscope to search for viable filters. After
located several candidate filters, we performed optical measurements to determine if the filters
were released. We observed no filter response in the transmission measurements of any of the
filters tested from this second wafer as shown in Figure 4.4. From this etching run, we learned
that long duration etches cause fluorocarbon to form on the surface of the wafers; therefore,
our next etching run recipe had to have a fewer number of cycles or a shorter duration etch
per cycle.
After the second etching run, we decided that we needed a more definitive approach to
determine the extent of etching, if any, that is occurring between the mirrors of the filters. To
achieve this, we performed a cross section cut of both an etched and unetched filter with a
focused ion beam (FIB). After exposing the inside of the etched filter, no void or gap between
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(a)

(b)

Figure 4.3: a) Electron micrograph of the 55 degree off-nadir side view of one Fabry-Perot
filter from the second etching run at 6700x magnification. The image shows the substantial
contamination coverage across every surface of the filter and substrate. Note, the green (74)
and yellow (75) rectangles in the image are the areas used for elemental analysis. b) The
elemental analysis spectra for the boxed sample areas from image (a). The spectra plotted
with the black line corresponds to the green (74) rectangle, while the spectra plotted with
the red line corresponds to the yellow (75) rectangle in image (b). Note, the sample on the
bare substrate (75) indicates there is a significant amount of fluorocarbon deposited across the
entire wafer, similar to the first etching run. The sample of the top of the filter (74) indicates
the expected elemental composition of the filter thin film stack, except for the elevated level of
fluorocarbon. The calcium, barium, and oxygen levels present in the samples are components
of the Borofloat glass substrate.

the upper mirror plate and the substrate was observed as shown in Figure 4.5. The cross
section cut of the unetched filter delineates the layers of the fabricated filter structure as
shown in Figure 4.6. These cross section cuts verified that the etching process used up to this
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(a)

(b)

Figure 4.4: a) Transmission curves for the bare substrate and the Fabry-Perot filter devices
from the second etching run. The mean values of the filter and substrate transmission are
plotted with error bars representing the standard deviation at each wavelength. The filter
transmission values with error bars that are outside of the substrate error bars can be confidently attributed to the effects of the filter. The transmission indicates only attenuation;
no filtering effects are observed. b) The ratio of the filter to substrate responses is meant to
remove the substrate response, leaving only the filter response. Transmission values are in
photons/pixel/second for a 100 x 100 pixel area on the center of the CCD detector array for
the an exposure time of 5.8 seconds from 400-500 nm and 2.2 seconds from 501-700 nm.

point was not sufficient to penetrate between the mirror surfaces and was introducing copious
amounts of fluorocarbon contamination.
For the third etching run, we modified the recipe to shorten the etching cycle duration
as follows: 60 seconds per cycle for 100 cycles. Since fluorocarbon was consistently being
deposited on the surface, we believed that if we reduced the amount of XeF2 present for
each cycle that it could be evacuated from the etching chamber more effectively. The wafer
completed the etching process with no white hazy appearance as in the last two runs. This
proved our theory about the long etching duration causing the fluorocarbon layer on the wafer.
When we inspected the test wafer under the SEM, the amount of fluorocarbon present on filters
and substrate was significantly reduced; however, we observed no mirror separation on any of
the filters as shown in Figure 4.7. Optical measurements confirmed the SEM observations; no
filter response as shown in Figure 4.8.
By the fourth etching run, we concluded that the XeF2 was somehow being inhibited from
completely etching the silicon sacrificial layer. This could have a number of causes, such as
a native oxide layer or organic contamination from the ambient environment. To attempt
to clean the surface of our wafer before XeF2 etching, we placed the wafer in an O2 plasma
etching machine for 30 seconds. We chose to use an O2 plasma etch due to its ability to remove
organic contamination and its relatively slow etching rate of most of the filter’s component
materials. However, we kept the etching duration to a minimum as O2 plasma will etch the
SU-8 photoresist of the filter’s leg structures. After completing the O2 plasma etch, we began
the XeF2 etch with a modified recipe: 60 seconds per cycle for 60 cycles. This recipe was
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Figure 4.5: Electron micrograph of the cross-section FIB cut of an etched Fabry-Perot filter
at 18280x magnification from the first etching run. The image displays the internal layering
in the center of the filter. Clearly, no etching of the silicon sacrificial layer occurred. The only
evidence that this filter had undergone the XeF2 etching process is the layers of fluorocarbon
contamination. Note, there are two layers of fluorocarbon residue on the filter which coincide
with the fact that two etching runs were attempted on this first wafer.

shortened in number of cycles due to the prior O2 plasma etch. Under the SEM, the test
wafer appeared clean with only small amounts of fluorocarbon present, but there was still no
distinguishable separation of the upper and lower mirrors as seen in Figure 4.9. Transmission
measurements confirmed the SEM images. There was still no characteristic Fabry-Perot filter
response anywhere in the spectrum as shown in Figure 4.10.
In the fifth etching run, we increased the strength of the cleaning agent used prior to the
XeF2 etch. We employed a 20 second pad etch dip to clean the wafer surface of any organic
contamination and etch the native oxide. Pad etch has a slower etch rate for aluminum than
HF, which is why it is used to etch oxide films deposited over aluminum. The wafer was
rinsed in deionized water after the pad etch dip and inspected under the optical microscope.
Approximately 40% of the filters were damaged after the pad etch dip; most of the damage was
due to etching of the leg structures. We then placed the wafers in the XeF2 etching machine for
40 cycles at 60 seconds per cycle. Fewer etching cycles seemed appropriate since the pad etch
had already started the etching process. The SEM inspection showed what appeared to be a
partial release of the top mirror plate, but optical measurements did not show any filtering
effects as shown in Figure 4.11 and 4.12. We had used both the least and most aggressive
etchants to clean the wafer surfaces to no avail. The O2 plasma etch appeared to have no
effect on the etching results, and the pad etch dip damaged almost half of the filter devices on
the wafer. We needed to use an etchant that was a midpoint between these two approaches.
For the sixth etching run, we used the only etching machine compatible with our wafers
that was somewhere between the strength of the O2 plasma and pad etch, the LAM 490
AutoEtch. The LAM 490 AutoEtch is a SF6 , He, O2 mixture plasma etch. This type of
plasma etching is used primarily on silicon and oxide films and does not etch photoresist or
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Figure 4.6: Electron micrograph of the cross-section FIB cut of an unetched Fabry-Perot
filter at 18280x magnification. The image displays the approximate layer thicknesses: SiO2
upper mirror support structure: 1192 nm, aluminum (Al) mirror layers: 67 nm each, and the
silicon (Si) sacrificial layer: 519 nm. These values are not meant to be exact but provide an
estimate of thin film thickness and fabrication accuracy. All measurements are in agreement
with designed layer thicknesses. Note the SiO2 to Al interface, there appear to be voids in the
SiO2 . This could lead to surface irregularities or bonding issues with the aluminum mirror
film once the silicon layer is etched that would effect the reflectivity of the mirror.

aluminum aggressively. We ran our wafers through the plasma etch for 15 seconds to remove
the native oxide and start the etch of the silicon sacrificial layer. We then performed the XeF2
etch for 60 cycles at 60 seconds per cycle. SEM inspection still displayed no visible gap between
the mirrors of any filter on the wafer as seen in Figure 4.13. The optical measurements yielded
the same results, there was no noticeable change in transmission from any of the previous tests
as shown in Figure 4.14.
This was the final etching run performed since we had exhausted the available resources
and exceeded our work schedule. From here we further investigated the probable causes of
the etching failures in our filter wafers. There was apparently something present on the wafer
surface that was preventing the XeF2 from etching the silicon. This could be caused by the
seven year old native oxide growth on the amorphous silicon used for the sacrificial layer, or by
a thick layer of volatile organic compounds (VOCs) that built up over the years in the unsealed
container the wafer was stored in, or a combination of the two. Another possible reason for
no observable mirror separation was that the SU-8 polymer leg structures may have degraded
over time and could not support the upper mirror structure. However, no studies of SU-8 have
been conducted on degradation due to long-term exposure to an open environment. In order
to verify that the etched filters still have a silicon layer remaining in the Fabry-Perot cavity, we
performed optical measurements on unetched filters to record the spectral transmission curve
for comparison. In addition to comparing transmission curves between etched and unetched
filters, we inspected an unetched filter wafer with the SEM and X-ray surface analysis to
provide a baseline reference for the initial wafer condition prior to etching.
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(a)

(b)

Figure 4.7: a) Electron micrograph of the 55 degree off-nadir side view of one Fabry-Perot filter
from the third etching run at 8500x magnification. Note, the red (3210) and yellow (3211)
rectangles in the image are the areas used for elemental analysis. b) The elemental analysis
spectra for the boxed sample areas from image (a). The spectra plotted with the black line
corresponds to the red (3210) rectangle, while the spectra plotted with the red line corresponds
to the yellow (3211) rectangle in image (b). Note, the sample on the bare substrate (3211)
indicates there is much less fluorocarbon present on the wafer due to the shortened etching
duration. The sample of the interface of the upper mirror plate and the substrate (3210) was
taken to identify the material that appears to be inhibiting the release of the mirror plate.
The spectral analysis did not give any clear explanations as to what the material may be. The
only significant amounts of materials in the sample are Si, O, and Al, which are most likely
being detected from the SiO2 mirror support, the aluminum mirrors, and the silicon sacrificial
layer.
The failure to successfully etch and release the Fabry-Perot filter devices made tuning
actuation testing impossible. We attempted to heat the wafers during optical testing to approximately 100◦ C, but there was no change in spectral transmission response. Also, the
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(b)

(a)

Figure 4.8: a) Transmission curves for the bare substrate and the Fabry-Perot filter devices
from the third etching run. The mean values of the filter and substrate transmission are plotted
with error bars representing the standard deviation at each wavelength. The filter transmission
values with error bars that are outside of the substrate error bars can be confidently attributed
to the effects of the filter. The transmission indicates only attenuation; no filtering effects are
observed. b) The ratio of the filter to substrate responses is meant to remove the substrate
response, leaving only the filter response. Transmission values are in photons/pixel/second for
a 100 x 100 pixel area on the center of the CCD detector array for the an exposure time of
5.8 seconds from 400-500 nm and 2.2 seconds from 501-700 nm.

Etching Run
1
2
3
4
5
6

Fabry-Perot Filter Etching Results
Etch Recipe
Surface Cleaning
sec
100 cycles @ 90 cycle
None
sec
100 cycles @ 120 cycle
None
sec
100 cycles @ 60 cycle
None
sec
60 cycles @ 60 cycle
O2 Plasma Etch (30 sec)
sec
40 cycles @ 60 cycle
Pad Etch Dip (20 sec)
sec
60 cycles @ 60 cycle
O2 , He, SF6 Plasma
Etch (15 sec)

Successful Etch
No
No
No
No
No
No

Table 4.1: Reference table for the recipes and results for the six different etching attempts on
the fabricated Fabry-Perot filter wafers.

tuning actuation of the filter devices would not function as designed due to the high thermal contact resistance of the aluminum heater elements. In previously performed electrical
tests, this caused mechanical failure of the heater elements and leg structures due to excessive
temperature and surface tension forces. The aluminum heater and polymer leg structure dimensions will have to be optimized in future iterations of this filter design to lower the contact
resistance. We therefore did not pursue the testing of thermal tuning until we had verified the
filter etching was successful.
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4.2

Discussion

To begin our analysis of the malfunctioning Fabry-Perot filters, we recorded reference measurements of the initial state unetched wafer using the SEM, X-ray elemental analysis, and
optical transmission measurements. The X-ray analysis and optical measurements were used
to investigate any significant differences in present surface elements from the etched wafers.
The purpose of these tests were to provide insight into potential surface contaminants that
were either present prior to etching or introduced by the etching process. Unfortunately, the
surface analysis did not render any conspicuous data indicating the presence of contamination
on the wafers prior to etching. The optical measurements of the light transmitted through the
optics train were used in a ratio with the spectral data from the transmitted light through a
bare etched and unetched substrate to separate the spectral response of the glass substrate.
We could then compare our measured spectral data to the manufacturer’s transmission curve
for Borofloat glass. This test’s purpose was to indicate the presence of any foreign materials
or contamination by means of observing the differences in our measured response and the
expected spectral transmission response. As shown in Figure 4.15, the optical measurement
results indicate that a material is attenuating the signal by approximately 20% at 400 nm.
The response appears to increase in transmission at longer wavelengths, which indicates that
it either absorbs or reflects in the UV spectrum. This gives us a clue as to the nature of
the foreign material. We can see that the substrate not exposed to the XeF2 etching process
exhibits the expected transmission response across the 400-700 nm spectrum as specified by
the manufacturer’s transmission curve in Figure 4.15(a). This rules out a thick layer of VOCs
as the attenuating agent because the VOCs would have been accumulated on the substrate
surface from storage, not the etching process. Therefore, the more probable cause of the
observed attenuation of the shorter wavelengths is a by-product of the XeF2 etching. The
fluorocarbon film observed on the surface of the filter wafers from the SEM images in the previous section is the most likely source of this attenuated response. Any further investigation
into the composition of this surface contamination would be outside the scope of this research,
and ultimately, unnecessary since it incurs only a maximum of 20% transmission loss which
leaves enough margin to detect a signal.
The X-ray analysis spectra is shown in Figure 4.16(b) for the unetched filter. When Figure
4.16(a) is compared with the SEM images of the sixth etching run, we can visually observe a
significant decrease in surface contaminants. We performed the same optical measurements on
the unetched filters and discovered that the filters displayed the same spectral signatures with
at most a 10% attenuation relative to the etched filters as shown in Figure 4.17. The similar
spectral response leads us to believe that in the best case, only partial etching of the silicon
layer occurred which allowed a negligible increase in transmission through the filter layers.
These results meant that surface contamination was likely not the sole culprit of our
etching difficulties. The only other possible causes were the etching machine or the silicon
sacrificial layer. The XeF2 etching machine was the least probable variable, since it had not
been diagnosed by technicians as faulty or caused issues with other users. We performed such
a wide range of etching recipes; that even if a native oxide layer was present, it would have
been etched by the XeF2 . XeF2 has an etching selectivity of more than 50:1 (silicon:SiO2 )
and an etch rate of 2700 Å per min for silicon. Since oxide growth on silicon is a self-limiting
process, it is typically on the order of 2-3 nm thick at room temperature for crystalline silicon.
However, there have been no studies on the long-term behavior of native oxide growth on
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amorphous silicon at room temperature, and therefore, no way for us to accurately estimate
the oxide thickness. Since we could not identify any obvious problems with the XeF2 etching
process, the issue must lie with the silicon sacrificial layer itself. From our SEM and X-ray
analysis of the different etching runs, we can see that the silicon on the wafer was being etched
on the exposed patterned area, but there was no evidence of the silicon being etched from
within the Fabry-Perot cavity or at least evacuated from the cavity. While we could not find
any research regarding native oxide growth, we found literature discussing the potential for
internal oxidation in deposited amorphous silicon films.[38] This can occur during the silicon
film deposition process, oxygen and water vapor can be introduced into the silicon and start
internally oxidizing throughout the film. This type of oxidation may cause a severe decrease
in XeF2 etch rate or halt it all together, and there is no way to conclusively test for its
presence. If internal oxidation has occurred in the sacrificial layer in our filters, it could lend
one explanation to the observed behavior of the etching process. The transmission plots of
the etched and unetched filters are very similar, there is only a small attenuation factor that
differentiates them. This indicates that there is still silicon between the mirror plates. Some
silicon may have etched out along the perimeter, but there is 500 nm of it inside the unetched
filter and its transmitted intensity is at most 10-15% lower than that of any of the etched
filters. Therefore, we can safely assume that the majority of the filters did not etch properly
and contain most of the silicon layer as verified in the SEM images.
Apart from this, the CCD and optics train utilized for our measurements are the two
main bottlenecks in performance. The CCD camera used was an uncooled model, so it may
inherently have a high noise floor due to thermal noise which gets worst with time. Since we
observed an increase in error in the longer wavelengths of the transmission plots, this could be
influenced by the increasing operating temperature of the CCD being that one spectral scan
takes over an hour to complete. The CCD error will be further analyzed in the next section.
The high transmission values in the filter to substrate ratio plots that appear to be Fabry-Perot
transmission peaks are false positives. These suspect readings occur in every measurement at
the same wavelength which indicates that they are a product of low optics transmission, low
CCD signal-to-noise ratio, or a spectral signature of the light source. These elevations in
the transmission plots at 430 and 450 nm are the filter and substrate transmission becoming
very near equal, which is impossible, and well above the expected transmission amplitude of
the Fabry-Perot devices. Since both the filter and substrate transmission data decrease at
these two spectral locations, it appears that the overall throughput of the optics decreases.
After examining the manufacturer’s spectral transmission curve in Figure 4.18, this the most
probable case as the spectral transmission of this objective lens has a sharp drop off to zero
approaching 400 nm. Since the light source intensity was already at the maximum, we could
do no more with our present test setup by means of increasing the signal. Although, even with
the low signal-to-noise ratio, the expected 12-13% amplitude Fabry-Perot transmission peaks
would have been detectable since the elevations we observed at 430 and 450 nm were of the
same scale.

4.3

Propagation of Error

Since the optical measurements were repeated numerous times with similar results for both the
filters and substrates, it will be useful to calculate the error propagation of our measurements.
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We have calculated the mean and standard deviation for each sample measured, and we will
use these values to determine the error margin across the spectrum. We input the respective
means and standard deviations into the error propagation equation:
!
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where hφ0 i is the mean of the filter image at one wavelength, σφ0 is the standard deviation of
the filter image at one wavelength, hφ1 i is the mean of the substrate image at one wavelength,
σφ1 is the standard deviation of the substrate image at one wavelength, and b is the mean of
the background (dark frames) at one wavelength. This will be performed for each wavelength
in our measured spectrum, and the output will be the relative variance and standard deviation
of our transmission measurements.
All measurements had a similar standard deviation range across the spectrum. The error
in our filter to substrate measurement ratios varied from 14-23% with the most error present
in the 400-480 nm wavelength range. Since we experienced a significant amount of error in
our measurements, we must also examine the noise from the CCD camera. With the CCD
being 8-bit, our bit depth was only 0-255 ADUs. This does not afford us high resolution
individual pixel readings. Using the CCD manufacturer’s specifications, we calculated the
camera’s inverse gain factor to be 56.47 [e− /ADU ]. We can use this factor to convert our
measurements in ADUs into electrons for use in noise calculations. There are three main
sources of noise in CCDs: photon noise, thermal noise, and readout noise. Photon noise, or
shot noise, is the noise caused by the unpredictability of photons incident upon the detector
described by
√ Poisson statistics. Photon noise can be calculated by taking the square root of
the signal, S, at each pixel. Thermal noise, or dark current, is caused by thermally generated
electrons in the CCD. This can be reduced by means to cooling the detector. Note, our CCD
used for measurements was not actively cooled; this could be one reason for the elevated
noise in our measurements. Thermal noise
√ is also Poisson distributed and can be calculated
by the square root of the dark current, D, at each pixel. Readout noise is caused by the
electronic noise inherent of the readout amplifier on the CCD. This can be measured by taking
the difference of two bias frames, and the standard deviation of the difference divided by the
square root of 2 is the readout noise. The readout noise of our CCD was measured to be 28
[e− /pixel], the thermal noise was calculated and displayed in Figure 4.19(a), the photon noise
of the measurements from our sixth etching run is displayed in Figure 4.19(b), and the total
CCD noise propagation is plotted in Figure 4.19(c). We calculated the total noise propagation
according to the following equation:
p
(4.3.3)
T otal CCD N oise = Signal + (Read N oise)2 + Dark .
We can see from the data that the CCD’s photon noise dominates the noise response. However,
the readout noise for this CCD is almost as high as the thermal noise during the long (8 second)
exposures. This high noise floor coupled with a low signal is the cause for the poor quality
measurements in the 400-500 nm wavelength range. To take a closer look at the quality of
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our signal in this range, we calculated and graphed the signal-to-noise ratio (SNR) across the
spectrum as shown in Figure 4.19(d). The following SNR equation was used:
 
S
Stotal
=p
.
(4.3.4)
N total
Stotal + n[(R)2 + D]
where, Stotal is the total number of electrons in the signal, n is the number of pixels used on
the detector, R is the readout noise per pixel, and D is the dark current in electrons per pixel.
We can now clearly see that our SNR is low (approximately 5) in the 400-470 nm range.
Therefore, we have established that the CCD was another contributor to the poor quality
data collected in the 400-500 nm region of the spectrum. This was due to the CCD’s high
readout and thermal noise. We can see from Figure 4.19(a) that the thermal noise increases
into the longer wavelengths. This is due to the temperature dependence of the thermal noise,
and the fact that this CCD is uncooled and operating over the course of an hour. Between
the low SNR of the CCD and the low transmitted signal allowed through our optics train in
the spectral region below 480 nm, it is not surprising that we are seeing false positives in our
readings in this range.
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(a)

(b)

Figure 4.9: a) Electron micrograph of the 55 degree off-nadir side view of one Fabry-Perot
filter from the fourth etching run at 7200x magnification. The image shows the substantial
contamination coverage across every surface of the filter and substrate. Note, the green rectangles labeled 76, 77, and 79 in the image are the areas used for elemental analysis. b) The
elemental analysis spectra for the boxed sample areas from image (a). The spectra plotted
with the black line corresponds to the 76 rectangle, the spectra plotted with the red line corresponds to the 77 rectangle, and the spectra plotted with the green line corresponds to the 79
rectangle in image (b). Note, the sample on the bare substrate (79) indicates there is even less
fluorocarbon present on the wafer due to the fewer number of etching cycles and O2 plasma
etch. The sample of the top of the filter (76) indicates the correct elemental composition of
the filter stack, except for the low level of fluorocarbon. The sample of the area surrounding
the filter (77) is the patterned area of the silicon sacrificial layer. This area has an increased
level of fluorocarbon relative to the other measured areas and has the same level of silicon
present as the bare substrate (79). This means the XeF2 is etching the silicon layer down
to the substrate, but fluorocarbon is being left in its place. The low level of fluorocarbon in
sample (76) must be due to the XeF2 beginning to etch the SiO2 . The O2 plasma etch of this
filter appears to have given the first marked improvement in surface quality, but there is still
observable filter release.
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(b)

(a)

Figure 4.10: a) Transmission curves for the bare substrate and the Fabry-Perot filter devices
from the fourth etching run. The mean values of the filter and substrate transmission are
plotted with error bars representing the standard deviation at each wavelength. The filter
transmission values with error bars that are outside of the substrate error bars can be confidently attributed to the effects of the filter. The transmission indicates only attenuation;
no filtering effects are observed. b) The ratio of the filter to substrate responses is meant to
remove the substrate response, leaving only the filter response. Transmission values are in
photons/pixel/second for a 100 x 100 pixel area on the center of the CCD detector array for
the optimized exposure times specified in Section 3.3.
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(a)

(b)

Figure 4.11: a) Electron micrograph of the 55 degree off-nadir side view of one Fabry-Perot
filter from the fifth etching run at 9640x magnification. The image shows the substantial
contamination coverage across every surface of the filter and substrate. Note, the rectangles
labeled 80, 82, and 83 in the image are the areas used for elemental analysis. b) The elemental
analysis spectra for the boxed sample areas from image (a). The spectra plotted with the black
line corresponds to the 80 rectangle, the spectra plotted with the red line corresponds to the 82
rectangle, and the spectra plotted with the green line corresponds to the 83 rectangle in image
(b). Note, the sample on the bare substrate (83) and the silicon area (82) indicates there is
more fluorocarbon present on the wafer than the previous etch. This is likely due to the pad
etch dip. The sample of the top of the filter (80) indicates the correct elemental composition
of the filter stack, except for a low level of fluorocarbon. The silicon in the sample area (82)
appears to have been successfully etched as it reads the same silicon level in the substrate
sample (83). However, fluorocarbon is still being left on the wafer surface and not properly
evacuated after etching is complete. However, the pad etch dip appears to have doubled the
amount of fluorocarbon present on the wafer, but the filter appears to be at least partially
released.
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(a)

(b)

Figure 4.12: a) Transmission curves for the bare substrate and the Fabry-Perot filter devices
from the fifth etching run. The mean values of the filter and substrate transmission are plotted
with error bars representing the standard deviation at each wavelength. The filter transmission
values with error bars that are outside of the substrate error bars can be confidently attributed
to the effects of the filter. The transmission indicates only attenuation; no filtering effects are
observed. b) The ratio of the filter to substrate responses is meant to remove the substrate
response, leaving only the filter response. Transmission values are in photons/pixel/second
for a 100 x 100 pixel area on the center of the CCD detector array for the optimized exposure
times specified in Section 3.3.
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(a)

(b)

Figure 4.13: a) Electron micrograph of the 55 degree off-nadir side view of one Fabry-Perot
filter from the sixth etching run at 7000x magnification. Note, the rectangles labeled 85, 86,
and 88 in the image are the areas used for elemental analysis. b) The elemental analysis
spectra for the boxed sample areas from image (a). The spectra plotted with the black line
corresponds to the 85 rectangle, the spectra plotted with the red line corresponds to the 86
rectangle, and the spectra plotted with the green line corresponds to the 88 rectangle in image
(b). Note, the sample on the bare substrate (88) and the silicon area (86) indicates there is
still fluorocarbon present on the location of the silicon etch. Also the plasma etch appears
to have considerably degraded the leg structures of this filter. The sample of the top of the
filter (85) indicates the correct elemental composition of the filter stack, except for a low level
of fluorocarbon. The silicon in the sample area (86) appears to have been successfully etched
since it reads near the same level of silicon as the substrate sample (88). Just as in the the
previous runs, the fluorocarbon is remaining on the wafer surface and not being completely
evacuated after etching is complete. This may be the reason that the filters are not being
released. We may need either a more aggressive etching agent or a more effective removal
method for the etched silicon and fluorocarbon; potentially a higher pressure nitrogen purge
between XeF2 etching cycles.
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(b)

(a)

Figure 4.14: a) Transmission curves for the bare substrate and the Fabry-Perot filter devices
from the sixth etching run. The mean values of the filter and substrate transmission are plotted
with error bars representing the standard deviation at each wavelength. The filter transmission
values with error bars that are outside of the substrate error bars can be confidently attributed
to the effects of the filter. The transmission indicates only attenuation; no filtering effects are
observed. b) The ratio of the filter to substrate responses is meant to remove the substrate
response, leaving only the filter response. Transmission values are in photons/pixel/second
for a 100 x 100 pixel area on the center of the CCD detector array for the optimized exposure
times specified in Section 3.3.
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(a)

(b)

(c)

(d)

Figure 4.15: a) Spectral transmission curve of Schott Borofloat glass across the UV-Vis-IR
spectra.[9] b) Measured spectral transmission curve of our laboratory light source and optics
setup. c) The transmission measurement ratio of an unetched Borofloat substrate and the light
source curve from image (b). d) The transmission measurement ratio of an etched Borofloat
substrate and the light source curve from image (b). Note the spectral response of the etched
substrate has a 20% decrease in transmission at 400 nm relative to the unetched substrate.
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(a)

(b)

Figure 4.16: a) Electron micrograph of the 55 degree off-nadir side view of one unetched
Fabry-Perot filter device at 6300x magnification. Note, the rectangles labeled 89, 90, and 91
in the image are the areas used for elemental analysis. b) The elemental analysis spectra for
the boxed sample areas from image (a). The spectra plotted with the black line corresponds
to the 89 rectangle, the spectra plotted with the red line corresponds to the 90 rectangle, and
the spectra plotted with the green line corresponds to the 91 rectangle in image (b). Note, the
sample on the bare substrate (91) has significantly less silicon than the filter stack (89) and
the patterned silicon area (90). The most interesting part of the unetched spectra is that there
is apparently a small constituency of fluoride within the substrate. This means that there was
not as much fluorocarbon present on the surfaces of the etched wafers as originally believed.
However, this doesn’t change the fact that there were still elevated fluorocarbon levels on the
etched filters. Also, the aluminum levels on the bare substrate (91) are higher than the filter
surface (89) and the patterned silicon area (90); this may be due to the Borofloat substrate
being composed of 2% aluminum oxide (Al2 O3 ).[9]
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(a)

(b)

Figure 4.17: a) Transmission curves for the bare substrate and an unetched Fabry-Perot filter
devices. The mean values of the filter and substrate transmission are plotted with error
bars representing the standard deviation at each wavelength. The filter transmission values
with error bars that are outside of the substrate error bars can be confidently attributed to
the effects of the filter. The transmission indicates only attenuation; no filtering effects are
observed. b) The ratio of the filter to substrate responses is meant to remove the substrate
response, leaving only the filter response. Transmission values are in photons/pixel/second
for a 100 x 100 pixel area on the center of the CCD detector array for the optimized exposure
times specified in Section 3.3.

Figure 4.18: Spectral Transmission factor curves provided by the manufacturer, Mitutoyo.
Note, only the blue line (M Plan Apo NIR 100x) is applicable to the microscope objective
used in our test setup.
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(a)

(b)

(c)

(d)

Figure 4.19: a) Plot of calculated thermal noise of the CCD used for measurements. b)
Measured CCD thermal noise Photon noise response of CCD. c) The total noise propagation
due to readout, thermal, and photon noise of the CCD. d) Plot of Signal-to-Noise ratio for the
CCD. Note the step response is caused by the exposure time changes during measurements.
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Conclusion
Although the Fabry-Perot filters under test did not function as designed due to the failure to
etch and release the mirror structure. We have identified root causes for the major issues in our
evaluation so that they may be resolved before future testing of these devices. These devices
could still prove to be viable if a new fabrication run was carried out and tested immediately
afterward to ensure best possible results. This is a versatile and manufacturable design that
should be further developed since it has the potential to be scalable to any size handheld
imaging devices in the future. The laboratory test setup established for these devices is a
solid platform that should be utilized if more work is done on these filters. However, a high
performance CCD camera is recommended as a modification. We have proven that the focused
beam light source does not cause a significant loss in transmission or finesse or a shift in the
transmission peaks. We also performed every method of etching available to us, my hope is that
it may be used as lessons learned for further work. We did not determine definitive evidence
for the cause of the etching issues, but it does appear to be some type of unforeseen material
degradation. Overall, we performed exhaustive testing on these Fabry-Perot filter devices and
proved conclusively that this wafer of devices did not function as designed. Ultimately, this
work should be used as feedback for improvements to the device design and testing procedure.

5.1

Future Work

The first action in future work that I would recommend is starting a fabrication run of new
filter devices. This is primarily suggested to simplify the release of the filters and to avoid the
issues experienced during the etching process. Another modification for the new fabrication
run would be to re-evaluate the aluminum heater dimensions to enable electrical testing of
tuning actuation. I wouldn’t advise changing any other design features until the etching
problems are rectified.
For overall design improvements, I would recommend creating features that make the filter
more robust and fail safe. Since moisture in the atmosphere is a potential cause of stiction
between the mirror plates and ultimately device failure, patterning 200 nm thick polymer
spacers underneath the upper mirror structure to ensure stiction between mirror plates cannot
occur. This could be possibly be implemented between the aluminum layer and the silicon
sacrificial layer in the fabrication process. In the event of a leg structure or heater failure, the
spacers would provide a minimum cavity gap (transmitting 400 nm light) and ensure that the
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filter is still has limited functionality. Another feature I would like to see is an anti-reflection
coating on the top mirror structure.
For a redesign modification, I would suggest using thin film stacks to narrow the bandpass
of the filter and give better transmission properties. At the sacrifice of bandwidth, one could
design the four filters with a quarter of the free spectral range of the original design to be used
in a superpixel structure and achieve better spectral selectivity for the overall detector array.
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